ABSTRACT. Three specimens of lava float collected in 1939 from Rose Atoll consist of three distinct basalt types: holocrystalline olivine tholeiite, coarse vesicular picrite basalt and olivine-poor transitional basalt; the tholeiite contains coarser, late-stage segregations with a glassy, silicic mesostasis. In mineralogy and chemistry these basalts most closely resemble Ta'u Group lavas of the neighbouring Manu'a Islands. Differences exist that do not suggest their transport to Rose Atoll, even though no in situ basalts are known there. Incompatible primitive mantle-normalized trace element plots show strong depletion in K and Sr and enrichment in U, Pb and La. In Ba/Nb versus La/Nb plots Rose basalts lie between normal mid-ocean ridge basalt (N-MORB) and low 87 Sr/ 86 Sr oceanic island basalt (OIB) fields. They lie outside many plume-related OIB fields, including plume-related Samoan basalts. Trace element ratios for the Rose samples show little correspondence with end member MORBs and OIBs. This, and temporal and geographic plume reconstructions, indicate that the Rose basalts are derived from melting of unusual or mixed lithospheric sources. They seem unrelated to the main phases of Samoan plume activity, now located at Vailulu'u Seamount.
Basalts found on Rose Atoll, American Samoa, present an enigma. To date petrologists have overlooked the seemingly conflicting reports of infrequent expeditions to the island (Sachet, 1954 (Sachet, , 1955 Keating, 1992; Rodgers et al., 1993) . Yet, given the geographic position at the eastern end of the Samoan chain, the age and nature of any basalts there are important in constraining the tectono-volcanic evolution of this chain. Only one brief description of a thin section of Rose basalt exists (Sachet, 1954) . Here we present petrographic descriptions and chemical data for three samples from Rose held by the Smithsonian Institution (NMNH no. 102227) -the only known captive samples. From this we offer an assessment of their possible provenance.
Rose Atoll
Rose Atoll (14°32'S 168°08'W) lies 240 km ESE of Pago Pago at the eastern end of the Samoan Islands, part of a 1700 km long chain of seamounts, shallow banks and submerged atolls (Fig. 1 ). These volcanic features show an orientation consistent with their potential generation by Pacific plate motion over a fixed thermal anomaly (e.g., Natland, 1980; Menard, 1986) . Island size and proportion covered with Quaternary lava flows increases to the west, in contrast to the Hawaiian, Society and Marquesas lineaments. There, submerged volcanic mounds, both drowned and capped by atoll reefs, occur at their western end. In contrast to mature submerged atolls and banks of the Samoan chain, Rose lacks wide offshore banks. It appears very young. The fetch of the lagoon is only 2 km and with the fringing reef and lagoon together covering just 640 ha, the atoll is among the smallest in the world. No in situ basalt is known on Rose Island.
The United States Exploring Expedition of 1839 reported loose boulders of vesicular lava ranging from 20 to 200 pounds in weight, scattered on the reef flat and in the lagoon (Couthouy, 1842; Wilkes, 1844; Dana, 1849 Dana, , 1851 Pickering, 1876) . In the absence of in situ basalt, Dana (1849, p. 309 ) suggested these boulders may have "been carried there by floating logs, or as ballast of some canoe." In 1920, Mayor (1921 Mayor ( , 1924 looked for but failed to find volcanic rocks. He and Setchell (1924) dismissed the earlier reports as incorrect identifications of dark coloured, weathered limestone that abounds on the reef. However, in June 1939 , Schultz (1940 sampled from a dozen boulders of lava lying on the reef flat and Dr Gilbert Corwin of the Smithsonian Institution subsequently confirmed these as olivine basalt (Sachet, 1954) .
In evaluating these accounts, Keating (1992) cites a personal report from Dr Balzas, a herpetologist, that the only volcanic rocks he observed during several visits to Rose in the 1980s were float he attributed to transport by Samoans for use in traditional cooking. While this interpretation could account for some smaller boulders, it is implausible for larger masses, and fails to account for their reported number, variations in the observations and scattered distribution across the fringing reef and within the lagoon. These all strongly suggest basalt is being released from adjacent underwater sources, perhaps during large storms. 
Material and methods
The rocks described here are those collected by Schultz and identified by Corwin in Sachet (1954) . The suffixes A, B & C, added here, distinguish each specimen. No thin sections could be located in the Smithsonian collection from the three samples and a fresh polished thin section was prepared from each specimen. Each consists of a distinct basalt textural type, albeit with related petrographic affinities.
Electron microprobe analyses (EMPA) were made at the Geology Department, University of Auckland using a JEOL JXA-5A instrument operating at an accelerating voltage of 15 kV and an adsorbed sample current of c. 650 pA, with a Link Systems LZ-5 EDS detector. Raw data were corrected using a QX 2000 processor and ZAF-4/FLS quantification software version QX 20-24F-1291.
Chemical compositions of the three rocks were analysed by standard x-ray fluorescence (XRF) of Norrish fusion discs (majors) and pressed boric acid pellets (minors) after Parker (1994) . The laser ablation analyses were performed using a 193 nm wave length ultraviolet Excimer laser facility in the Research School of Earth Sciences, Australian National University, Canberra, ACT, as outlined in Hoskin (1998) . Petrography 102227A. Holocrystalline olivine basalt. Partially resorbed olivine phenocrysts (<5%) and microphenocrysts of clinopyroxene and plagioclase (15%), and sparse ferromagnesian intergrowths are set in a pilotaxitic to intergranular, microporphyritic groundmass of feldspar laths (>40%), pyroxene (>20%), and ilmenite (s.l.) and magnetite (s.l.) granules (15%). Apatite needles, potash feldspar laths and quartz are scarce.
In 15-16 , (15-20%) , and coarse, acicular aggregations of Fe-Ti oxides (<10%), are ophitically enclosed by a mesostasis of brownish glass (10-30%) riddled with fine radiating needles, possibly rutile. In some smaller masses the silicate crystals radiate towards the centre. In others, small elongate feldspars at margins surround a coarser interior. Several of the clots appear linked through an incipient coarsening of the enclosing basalt. All resemble coarse segregations within the basalt, rather than cognate xenoliths of earlier crystallized rock. Similar "glomeroporphyritic clots of olivine and feldspar with subophitic pyroxene" appear in the Salani Volcanics of Upolu (Brothers, 1959, p. 40 Vesicle coatings include silicates as straw-coloured, flat subhedral and tabular euhedral clinopyroxene, possibly orthopyroxene, euhedral plagioclase and stumpy, subhedral anorthoclase (?). Other phases are dark bladed subhedral Fe-Ti oxides, white rosettes of a subhedral silica, possibly tridymite, and undetermined colourless, abundant, radiating, trigonal needles. 
Mineralogical observations
Representative EMP analyses of the major phases in the three samples are given in Tables 1-4 .
Olivines (Table 1 ). The representative olivine analyses are typical of alkali basalts in Samoan rocks (Macdonald, 1944; Stice, 1968; Natland & Turner, 1985) . Compositions mostly lie between Fo 82 and Fo 72 with samples A and C showing restricted resorption and compositional zoning in their crystals (analyses 1,14-15). In contrast, the picrite, 102227B, shows wider olivine compositions (analyses 2-8, 10-11). Most range within Fo 88-75, zoning is common (analyses 2,3,5,6). This is typical in Samoan basalts, along with Fe-rich crystals (Fo 44-41 ) e.g., analyses 7 (cf. Macdonald, 1944; Natland & Turner, 1985) . Thus olivine in 102227B indicates a complex crystallization; both the lamellar olivines and the iron-rich varieties may represent xenocrysts. (Natland & Turner, 1985) . However, more Ca-rich pyroxenes from Fagaloan lavas contain less Fe than some Rose analyses.
Pyroxenes (
Groundmass pyroxenes in 102227B (analysis 9) are Carich (³Ca 45 ) and range from Fe 10 to Fe 14 , as are some microphenocrysts from A and C, cores of phenocrysts, and glomerocrysts, from samples B and C (analyses 1-2, 11). Phenocryst cores of augite (»Ca 41 ) in C and microphenocrysts in A are less common, but also display Fe-values similar to the main compositional range (analysis 5). Only rims of some phenocrysts in A are more extreme (analysis 4Cr). Although titanaugites are known in Samoan lavas (e.g., Macdonald, 1944; Brothers, 1959; Stice, 1968; Natland & Turner, 1985) , in only one spot Rose analysis (analysis 7) did TiO 2 exceed 1.9 wt%. The negligible Na in the Rose clinopyroxenes is an unusual feature, but is recorded in rare tholeiitic lavas in Upolu basalts (Natland & Turner, 1985) . Chromium was detected in only two clinopyroxene crystals from Rose samples.
A rare intergrowth of orthopyroxene in clinopyroxene in A gave Ca 3 Mg 70 Fe 27 (analysis 13). No pigeonite was found (cf. Natland & Turner, 1985) . The clinopyroxenes of the coarser clots in B all plot at or beyond the Ca 40 margin of the main field (analyses 14A,18A). In composition (Ca [40] [41] Mg 42-46 Fe 14-17 ), they coexist with orthopyroxenes (Mg 71-74 Fe 22-26 Ca 3-4 ) with significant Ca (analyses 16, 19-20) . Calculated Wood & Banno (1973) temperatures for these coexisting pyroxene compositions range 1021-1088°C; Wells (1977) temperatures are 1030-1126°C. (Table 3) . Plagioclase in the three rocks ranges from An 70 Ab 29 Or 1 to An 53 Ab 43 Or 3 . Those in A lie at the Naand K-rich end (analysis 1), those in B span the entire range and those in C are skewed towards the middle and Ca-rich end (analyses 5-7, 16-17) . Microphenocrysts in A (analyses 8,9) and the feldspars in its clots (analyses 10-12) overlap the groundmass feldspar compositions. However, the microphenocrysts are the most Ca-rich feldspars, while feldspars in the clots tend towards the Na-and K-rich end of the range. Most feldspars are inhomogeneous and Fe and a little Ti may partly reflect minute Fe-Ti oxide inclusions.
Feldspars
K-rich oligoclase is common as an interstitial phase in some Samoan lavas (Macdonald, 1944; Brothers, 1959) , but only one such composition was found herein (Ab 36 An 51 Or 12 ). Table 4 have the structural formulae recalculated after Droop (1987) to partition total iron between Fe 2+ and Fe 3+ . An alternative method by Carmichael (1967) gives a magnetite-rich phase with 20.9 to 16.7 mol % ulvöspinel and a Ti-rich oxide phase with from 15.6 % R 2 O 3 in 2du, through 2.1% R 2 O 3 in 1bl, to zero in 5d. Natland & Turner (1985) (Natland & Turner, 1985) has crystallized abundant Ti-bearing oxides, albeit of different composition, rather than incorporating Ti in the clinopyroxene.
Coexisting magnetite-ulvöspinel and hematite-ilmenite in a multiphase crystal in 102227A were analysed (2du, 2br). The results give »720°C and fO 2 »10 -15 atm when plotted on the experimentally determined curves of Buddington & Lindsley (1964, fig. 5 ). In the coarser clots both Ti-poor and Ti-rich oxide phases are present but textural relations indicate separate crystallization; the spinels occur at the clot rims as reaction products, while the ulvöspinel-rich phases lie within the clots, where siliceous liquid could have afforded an oxygen buffer (cf. Carmichael, 1967) .
Chemistry
The XRF analyses, and CIPW norms, for the three samples are given in Table 5 . Semiquantitative analysis for chlorine showed some 2200 ppm in 102227B point to slight seawater contamination. This rock also contains small amounts of encrusting bioclastic carbonate debris in its vesicles.
The three samples represent contrasting basalt types: 102227A is gradational to quartz tholeiite, with 21% normative Hy and 1% Q, slightly evolved mg value (60), and a DI of 21; 102227B plots as a picrobasalt (Le Maitre, 1984) with high normative Ol (23%), minor Hy (<1%), an mg value typical of primitive or cumulate basalts (70), and a DI of 18; 102227C is transitional olivine basalt with normative Ol (6%) and Hy (7%), a moderately evolved mg value (57), and DI of 26. Electron microprobe analysis of tholeiite A glass (Agl Table 6 ) shows it to be potash-and silicarich, and rhyolitic in normative composition with 27-39% Q. The glass shows low totals suggesting 4-6% volatiles (Table  6 ) and strong Rb, Th, U, K, La, Zr enrichment and Ba, Ti, Sr depletion relative to the host basalt (Table 7) . The three samples resemble other Samoan basalts and to date are closest to Ta'u island lavas (Stice, 1968; Hubbard, 1971 ) from the nearest volcano in the adjacent Manu'a Group (Table 8, Figs. 2, 3) . Importantly, both Rose and Ta'u basalts differ from western Manu'a Group basalts of the Ofu and Olosega islands, which are more enriched in Ti relative to Al (Hubbard, 1971) . The Al 2 O 3 /TiO 2 ratios of the Rose samples are typical of most Samoan chain basalts (cf. Macdonald, 1968; Hawkins & Natland, 1975; Natland & Turner, 1985; Johnson, et al., 1986) . Only examples from the Lalla Rookh Bank (Johnson et al., 1986) show the lower Al 2 O 3 /TiO 2 found in western Manu'a islands lavas.
Yet, despite geochemical similarities between Rose and Ta'u basalts (Table 8, Figs. 2, 3) , some differences exist, particularly in Sr vs P 2 O 5 and Ni vs MgO (Figs. 4, 5) . Although this could reflect sampling bias, no rock corresponding to 102227A was reported from the Manu'a islands by Stice (1968) despite prominent tholeiites among Samoan shield basalts west of Manu'a (Natland & Turner, 1985) . One picrite basalt no. 131 from Ta'u (Stice, 1968) has transitional tholeiitic affinities, but higher SiO 2 and Hy (10) 411 ( than the Rose picrite basalt B. Intriguingly, the alkalis and silica of 102227A are in similar proportions to the recalculated composition of Stice's picrite basalt no. 131, if all normative Ol is subtracted from the original composition. Further, both the total alkalis and titania of A are lower than in comparable picrites from Manu'a. Only 102227C bears some chemical comparison with Manu'a lavas (e.g., Stice, 1968; no. 117) , but direct resemblances between Manu'a and Rose basalts are not clear.
Incompatible elements in Rose basalts are compared in a mantle normalized diagram (Fig. 6) . The elements are normalized to primitive mantle (PM) values and compared with enriched mid ocean ridge basalt (E-MORB) and low 87 Sr/ 86 Sr ocean island basalt (OIB), after . The Rose basalts are relatively depleted in K and Sr and relatively enriched in U, Pb and La; they show variable enrichment in Rb, Ba, Th and P. The Ba/Nb and La/Nb ratios are compared in Fig. 7 Sr isotope levels with increasing sedimentary crustal components in their source . Rose basalts plot from near the N-MORB field towards E-MORB (Ba/Nb 6.86 La/Nb 0.76) and low 87 Sr/ 86 Sr OIB (Ba/Nb 7.29, La/Nb 0.77) values, but do not intersect any major plume related OIB field. 
Petrogenesis
Average Rose Island basalt shows lower MgO (1%), TiO 2 (0.9%) and Na 2 O (0.6%) and higher FeO* (1%) than average Manu'a's Island's (Ta'u) basalt and TiO 2 , FeO and Na 2 O remain higher at equivalent MgO contents (Table 8) . A more magnesian Manu'a's Islands parent would explain the higher Ta'u Ni contents. Petrologically, however, both Rose and Ta'u transitional to tholeiitic basalts suggest greater degrees of partial mantle melting than for basanites and nephelinites that characterize the young post-erosional Samoan volcanoes and seamounts (Hawkins & Natland 1975) . The question then arises as to whether these young easternmost volcanoes reflect the asthenospheric/lower mantle plume activity of the older Samoan shields and Vailulu'u undersea volcano (Hart et al., 2000) .
Samoan plume magmatism is considered responsible for:
• the observed linear age progression in the shield volcanism for several Samoan islands (Natland & Turner, 1985; McDougall, 1985; Hart et al., 2000) ; • the isotopic character of shield basalts, where Sr, Nd and Pb isotopes are consistent with isotopic values of other Pacific island chains assigned to plume sources (Hedge et al., 1972; Wright & White, 1987) ; • a primitive helium isotopic mantle component in shield basalts (Farley et al., 1992) ; • mantle carbonatitic metasomatism identified in peridotite xenoliths contained in post-shield lavas (Hauri et al., 1993) .
The Rose basalts partly overlap the alkali basalt compositional range of the present plume-related Vailulu'u seamount (Hart et al., 2000) in SiO 2 and MgO, but are distinctly lower in alkalis (Na 2 O+K 2 O 2.6-3.3 cf 3.5-5.9 wt %). This may reflect greater degrees of partial melting for Rose basalts. Rose basalts overlap and show a similar fractionation trend to other Samoan island basalts for Nb vs Zr (Fig. 8) , except for the late-stage groundmass fractionation to silicic glass in the tholeiitic basalt (102227A) and both groups differ from the Combe Bank trend, which show elevated Nb/Zr. In Ba vs. Zr plots, Rose basalts differ in their fractionation trend to Samoan islands, Lalla Rookh Bank, Wallis Island, Combe Bank and Alexa Bank fields (Fig. 8) .
No overlap in Ba/Nb vs. La/Nb exists between Rose basalts and the plume-related Samoan, Hawaiian or Atlantic fields (Fig. 7) . In this respect Rose basalts differ from Wallis Island basalts, which fall within the Samoan plume field. Rose Ba/Nb and La/Nb values do not suggest high levels of crustal sedimentary components, while late-stage fractionation trends in tholeiite (102227A) to silicic glass (Agl) mostly increases La/Nb values.
A present Samoan plume position near Manu'a Group islands some 100km to 150km east of Tutuila was deduced on migration rates from shield volcano ages (Duncan, 1985; Natland & Turner, 1985; McDougall, 1985) . Reconstructed plate motion tracks for two extreme plume positions relative to Manu'a and Rose islands (Fig. 9 ) are based on revised plate motion relative to Pacific "hotspots" (Gaina et al., 2000; R.D. Müller, pers. comm., 2000 values (Hart et al., 2000) . These values extend towards other Samoan shield values, but most shield and in particular "post-erosional" lavas show higher (Wright & White, 1987; Hart et al., 2000) .
Rose trace element ratios show little correspondence to end member MORB and OIB values (Table 9 ) perhaps reflecting an unusual or mixed lithospheric source. The Zr/ Nb ratios for Rose basalts follow the Samoan shield crystal fractionation differentiation trend (Fig. 8) , but initial Zr/ Nb may stem from binary mixing of depleted MORB and other more enriched end members (Kamber & Collerson, 2000) . Other element ratios for Rose basalts (Rb/Sr 0.027-0.060, U/Pb 0.50-1.75, Th/Pb 0.25-1.64) generally overlap typical Hawaiian tholeiitic data (Rb/Sr 0.278, U/Pb 0.56-2.11, Th/Pb 2.09); this precludes an abnormal, overwhelming MidOcean Ridge imprint, as found in the Detroit seamount along the Hawaiian plume trace (Keller et al., 2000) .
Discussion
Of the different basalt types documented from the Samoan Island chain, the three Rose Atoll samples collected by Schultz conform most closely to the Ta'u Island basalts of the neighbouring Manu'a Group. However, differences exist and any similarities in petrography and chemistry are typical Johnson et al. (1986) and Wallis Island (12 analyses) from Price et al. (1991) . Hawaiian plume tholeiites (19 analyses, excluding Koolau and other separate source basalts) from Norman & Garcia (1999) . Loihi alkalic to transitional basalts (20 analyses) from Garcia et al. (1995) . of those to be expected among geographically contiguous basalts formed within a single evolving petrographic province. Only one Rose sample shows distinct affinities with any of the rock types documented from the eastern Manu'a Group. As such, no unambiguous evidence presently exists that the three described rocks might have been transported to Rose; an inference consistent with the large size of some specimens recorded by Wilkes (1844) and Dana (1849) . The chemistry of the rocks generally conforms with that expected from a young volcano in the Samoan chain but their precise characters pose a number of questions.
Both Rose and Ta'u basalts lie near the eastern plume limits for Samoan activity. Both resemble Wallis Island basalts in age (<1Ma) and petrological spectrum, except that Wallis lavas display the presence of a plume component that reflects their island's position within the previous Samoan plume path (Stice, 1968; Natland & Turner, 1985; Price et al., 1991) . Wallis Island activity is attributed to a thermal disturbance in the lithosphere some 9 myr after plume passage, possibly from tectonism near a PacificAustralian transform boundary. Rose Atoll is distant from this tectonic feature and hence its origin is enigmatic. Its activity may stem from late differential flexure and rifting and volcanic loading along the Samoan chain (Savi'i, Upolu, Tutuila) that involved production of "post-erosional" eruptives (Natland & Turner, 1985) , although the height of the atoll and its petrological span may be too large for such an exclusive origin. Adjustments in the stress field beyond this zone however, may have focused melting in lithosphere beneath the Manu'a and Rose region, prior to resurgence of the Samoan plume at Vailulu'u seamount.
Origin of the Samoan chain has been controversial due to its limited migratory progression, complex eruptive pattern and its unusual mantle geochemical signatures (Natland, 1980; White & Hofmann, 1982) . However recent studies support plume input (Hart et al., 2000) . Removal of Rose (and Ta'u) volcanism from plume input suggests plume activity has become more sporadic since earlier more western Samoan plume volcanism. One possibility is for a fast plume, as modelled by Larsen & Yuen (1997) . Such plumes last for less than 8 myr and are initiated when subducted slabs grade into horizontal flow in the lower mantle. However subduction and downthrusting along the Pacific-Australian plate margin is away from the Samoan chain in this region, which presents a difficulty for a fast plume origin. A recent study has proposed that linear Pacific volcanic chains may show progressive plume eruptive ages mixed with non-progressive activity (Hieronymous & Bercovici, 1999) . In these cases the volcano spacing and irregular infillings are controlled by tectonic and flexural stresses on magma transport. Whether such a model applies to the Samoan Islands needs more detailed age dating and dynamic modelling studies of the volcanic evolution.
The basalt float sampled from Rose Atoll shows petrological attributes that link the rocks generally with neighbouring Ta'u Island. Some petrological distinctions, however, are known and this with size and distribution of such rocks on Rose does not favour their transport to Rose. Even if transport to Rose Atoll were to be demonstrated, knowledge of the particular characters of these rocks, along with those of known Ta'uan representatives, is important to decipher the petrogenetic evolution of this eastern end of the Samoan chain. Despite an enigmatic trace, the Samoan plume resembles other main deep plumes in their seismic anomalies (Ritsema & Allen, 2003) . Natland & Turner (1985) , Johnson et al. (1986) , Price et al. (1991) . Fig. 9 . Samoan Island chain in relation to Pacific thermal anomaly tracks based on postulated plume positions near Rose Atoll and in the Manu'a Group islands. Tracks show 5 million year intervals, solid dots, and are calculated on best fit Pacific plates motion (Gaina et al., 2000; R.D. Müller, pers. comm., 2000) . Vailulu'u submarine volcano (V) is located at 14°13'S 169°04'W.
